The ability of Myc to promote cellular transformation is well established; however, a better understanding of the mechanisms through which Myc mediates tumorigenesis is essential for the development of therapeutic approaches to target this potent oncoprotein. Structure-function studies in rodent fibroblast cells have provided the basis for much of our current understanding of these mechanisms. To build on these approaches, we have characterized three novel human cell line models of Myc-dependent transformation: MCF10A, SH-EP Tet21/N-Myc, and LF1/TERT/LT/ST cells. We have also evaluated Myc family proteins (c-Myc and L-Myc), a naturally occurring isoform of Myc (MycS), and a set of N-terminal domain mutants (DMBII, W135E, T58A) for their ability to promote anchorage-independent growth in these models. Taken together, these results provide the field with three new human cell-based models to study Myc activity, highlight the importance of cellular context, and challenge the paradigm that the ability of Myc to promote tumorigenesis is exclusively MBII-dependent.
Introduction
Deregulated expression of the Myc family of oncoproteins is well established and has a profound role in human malignancies. Despite the recognition that Myc is a transcriptional regulator associated with aggressive disease, the molecular mechanisms through which Myc is able to promote and maintain tumorigenesis are not yet fully defined. Our current understanding of Myc structure-function has been established largely using rodent fibroblast cell systems and in some cases murine bone marrow transplant models, with only limited work in human cells. These structure-function studies of Mycdependent transformation are summarized in Supplementary Table 1 . Owing to the established differences between murine and human cells (Prowse and Greider, 1995; Hahn et al., 1999; Drayton and Peters, 2002) and the prominent role of Myc in human cancers, it is valuable to expand and extend this analysis of Myc structure-function to more disease-relevant human models.
The three transforming members of the Myc protein family are c-Myc, N-Myc and L-Myc. Unless otherwise stated, we will use Myc to refer to human c-Myc, which is the only one among these family members that is expressed in normal adult tissues. The human Myc proteins contain several functional regions (Supplementary Figure 1A ). The C-terminal basic, helix-loop-helix and leucine zipper (B-HLH-LZ) domains of Myc are required for DNA binding and key protein-protein interactions, including the interaction between Myc and its obligate partner Max (Meyer and Penn, 2008) . The N-terminus of Myc is comprised of several highly conserved regions, termed Myc homology boxes (MBI, MBII, MBIIIa, MBIIIb, MBIV) (Meyer and Penn, 2008) . The best characterized of these regions are MBI and MBII. MBI contains critical phosphorylation sites and is a region frequently mutated in Burkitt's Lymphomas (Bhatia et al., 1993; Bahram et al., 2000; Chang et al., 2000) . The MBII region is essential for most biological functions, including transformation in all cell lines and mouse models reported (Stone et al., 1987; Oster et al., 2003; Herbst et al., 2005; Cowling et al., 2007) . MBII is also a critical region for certain protein-protein interactions, including the interaction with an important co-factor in transformation, TRRAP (McMahon et al., 1998) . In addition to the full-length protein, Myc has a naturally occurring shorter isoform, MycS. MycS arises from a weak internal translation initiation AUG codon to produce a protein that lacks the first 100 amino acids (Spotts et al., 1997) .
In this report, we established new human Mycdependent transformation systems and then exploited these new models to advance the current understanding of Myc structure-function. Specifically we have evaluated Myc family proteins (c-Myc and L-Myc), a naturally occurring isoform of Myc (MycS), and a set of N-terminal domain mutants (DMBII, W135E, T58A) for their ability to promote anchorage-independent growth in three novel human cell line models, MCF10A, SH-EP Tet21/N-Myc and LF1/TERT/LT/ST. Overall, our results highlight that Myc-dependent transformation is influenced by cellular context and provide evidence that the ability of Myc to promote oncogenesis is not exclusively mediated through Myc homology box II (MBII).
Results and discussion
Myc induces transformation in human cell lines Recognizing the importance of extending structurefunction studies into more disease-relevant models, we employed specific criteria in selecting the human cell lines to characterize Myc-dependent transformation. First, the tissue of origin needed to represent a disease site commonly associated with deregulated Myc or Myc family members. Second, because Myc deregulation is evident both early and late in the malignant process, it was important to evaluate Myc at different stages of cellular transformation. Therefore, we evaluated Myc-dependent transformation in a non-tumorigenic breast epithelial cell line, MCF10A, as well as in a tumor-derived system, SH-EP neuroblastoma cells. Finally, we chose to investigate a primary cell model that is immortalized and further transformed by the expression of viral oncoproteins, namely the LF1/ TERT/LT/ST lung fibroblasts. Combined, these three models represent a spectrum of transformation states and provide renewable human systems to evaluate Myc activity in vitro.
The MCF10A cells were established through spontaneous immortalization of human mammary epithelium (Soule et al., 1990) . The non-transformed nature of this cell line is supported by the absence of anchorageindependent growth and tumor formation in vivo (Soule et al., 1990) . To evaluate the ability of deregulated Myc to drive transformation, we infected MCF10A cells with retrovirus containing human Myc cDNA or empty vector control. Myc protein expression is remarkably similar in cells transduced with empty vector control and ectopic Myc (Figure 1a , compare lanes 1 and 2). To distinguish regulated and deregulated Myc expression, we evaluated Myc protein levels in response to 1 h of serum and growth factor withdrawal. As expected, in MCF10A-control cells expressing green fluorescent protein (GFP), endogenous Myc protein levels dropped to a low but detectable level. The MCF10A-Myc cells, in contrast, were less responsive to this external cue and maintained a high level of deregulated Myc protein expression (Figure 1a , compare lanes 3 and 4). We next evaluated cellular transformation through anchorageindependent growth. Stable constitutive expression of Myc alone was sufficient to transform MCF10A cells, as measured by a sixfold increase (Po0.001) in colony formation in soft agar (Figure 1b) .
To contrast the non-transformed nature of MCF10A cells and evaluate the diversity of human cell types, we evaluated Myc-dependent transformation in SH-EP neuroblastoma cells. Amplification of MYCN is a common event in neuroblastoma, and is associated with a particularly aggressive and prognostically poor subset of this pediatric cancer (Schwab, 2004; Gustafson and Weiss, 2010) . Furthermore, tumors that lack MYCN amplification often have Myc deregulation (Breit and Schwab, 1989) . The SH-EP cells used in this study have been modified to express a tetracycline regulatable N-Myc and are formally referred to as SH-EP Tet21/ N-Myc cells (Lutz et al., 1996) . The expression of N-Myc alone is able to promote anchorage-independent colony formation, which can be abolished by pre-treating cells with tetracycline in order to turn off expression of N-Myc (Kim et al., 2007) . Myc and N-Myc protein expression in untreated (N-Myc ON) or tetracycline-treated (N-Myc OFF) cells was confirmed by immunoblotting ( Figure 1c ). Endogenous Myc protein expression was not detectable in N-Myc ON cells, but was increased upon loss of ectopic N-Myc expression in response to tetracycline treatment ( Figure 1c , compare lanes 1 and 3), consistent with the well-established mechanism of negative regulation by Myc family members (Cleveland et al., 1988; Breit and Schwab, 1989; Penn et al., 1990) . We then assayed transformation of these cells through colony formation in soft agar. Ectopic Myc robustly potentiated transformation relative to empty vector control in the absence of N-Myc expression ( Figure 1d ). This level of transformation was similar to that observed in the presence of N-Myc ( Figure 1d ). Thus, SH-EP cells provide a second human model system to study Myc-dependent transformation.
To further complement non-transformed MCF10A and tumor-derived SH-EP cells, we characterized a primary cell that had been engineered from an immortal cell line, namely the LF1/TERT/LT/ST (herein referred to as LF1/3T) cells. Derived from primary human diploid lung embryonic fibroblasts, they have been incrementally immortalized and transformed by stable expression of human telomerase (TERT), simian virus 40 large T-antigen (LT) and small T-antigen (ST) (Wei et al., 2003) . Notably, LF1/3T cells express low levels of endogenous Myc and were previously demonstrated to exhibit enhanced anchorage-independent growth with ectopic expression of murine c-Myc (Wei et al., 2003) . We confirmed that ectopic expression of human Myc could recapitulate this transformation phenotype. Ectopic expression of human Myc was confirmed by immunoblotting ( Figure 1e ) and significantly (Po0.01) promoted a fourfold increase in anchorage-independent growth of LF1/3T cells ( Figure 1f ). Representative images of colony formation in Myc-transformed cells are provided in Supplementary  Figure 2 . Taken together, we have established that MCF10A, SH-EP and LF1/3T cells can all serve as model systems, representing a range of transformation states, to study human Myc-dependent transformation.
Transformation in MCF10A and SH-EP cells is MBII-dependent
To characterize Myc-dependent transformation in our novel cell line models, we prioritized mutants encompassing the unique and highly conserved regions, MBI and MBII (Supplementary Figure 1) . Specifically, within MBI, phosphorylation of threonine-58 (T58) by GSK3 targets Myc for proteasomal degradation (Vervoorts et al., 2006) . Not surprisingly, T58 is one of the residues commonly mutated in Burkitt's Lymphomas, and studies have confirmed that mutation to an alanine results in increased protein stability (Bahram et al., 2000; Chang et al., 2000; Gregory et al., 2003) . Additionally, the T58A point mutant formed tumors at a significantly higher penetrance and shorter latency than wild-type Myc in a murine bone marrow transplant model . Therefore, the T58A point mutant served as a strong positive control for this work, representing a mutant that is more transforming than wild-type Myc. As mentioned previously, MBII is essential in all reported models of Myc-dependent transformation. Tryptophan-135 (W135) is a key hydrophobic residue contained within MBII and mutation to glutamic acid (W135E) impaired binding to TRRAP and inhibited cellular transformation (Wood et al., 2000; Oster et al., 2003) . We selected DMBII and W135E mutants to evaluate MBII dependence in these , SH-EP and LF1/3T, as described previously (Wu et al., 2004) and stable pools were isolated by fluorescence-activated cell sorting for green fluorescent protein expression. (a) MCF10A cells (a kind gift from Senthil Muthuswamy, Ontatio Cancer Institute) were cultured as described previously (Debnath et al., 2003) . Growth factor withdrawal was achieved by culturing cells in media containing 0.05% horse serum and supplemented with only 10 mg/ml insulin for 1 h. Ectopic Myc expression was confirmed by immunoblotting of lysates isolated from asynchronously growing cells in full growth media and from cells subjected to 1 h of serum and growth factor withdrawal. (b) Transformation was evaluated by anchorage-independent colony growth in soft agar. Soft agar experiments were completed as previously described with the following modifications: 5000 cells were seeded per 35-mm petri dish in triplicate, and colonies (greater than six cells) were counted at the end of a 2-3-week period (Oster et al., 2003) . transformation models. In addition to the abovementioned mutants, we extended our evaluation to include a naturally occurring isoform of Myc, MycS, as well as the Myc family member L-Myc. Although these naturally occurring molecules have been evaluated previously, their contributions to cellular transformation remain poorly understood. Briefly, we infected cells with retroviruses harboring cDNAs for human wild-type Myc, L-Myc, MycS, Myc N-terminal domain deletion or point mutants and vector control (Supplementary Figure 1) . We conducted immunoblot analysis to ensure similar expression across our panel (Figures 2a and d) . For MCF10A cells, we evaluated protein expression in both asynchronously growing cells, and cells subjected to 1 h of serum and growth factor withdrawal in order to downregulate endogenous Myc expression and then be able to compare and ensure similar expression between ectopic constructs. We next measured the proliferative potential of the cells by assaying their growth rate over 5 days. The cells expressing the various Myc constructs had doubling times that were similar to the control and wildtype Myc-expressing cells (Figures 2b and e) . Therefore, changes observed in anchorage-independent growth cannot be easily attributed to changes in the proliferative rate of the cells. Finally, we evaluated anchorageindependent growth in soft agar. Overall, results were consistent between the MCF10A and SH-EP cells Figure 2 Transformation in MCF10A and SH-EP cells is MBII-dependent. The panel of Myc cDNAs was introduced by infection with ecotropic, replication-incompetent retrovirus into MCF10A and SH-EP cells as described previously (Wu et al., 2004) . For all SH-EP experiments, 1 mg/ml tetracycline (Sigma) was added to the media 48 h prior to experiments to inactivate N-Myc expression. (a, d) Protein expression was evaluated by immunoblotting. MCF10A cells were harvested under both asynchronously growing and 1-h serum and growth factor withdrawal conditions. * indicates non-specific bands. (b, e) Cell proliferation was assessed by subconfluently seeding 4000 cells/well in a 24-well dish in triplicate. Cells were counted daily over a 5-day period using a Coulter Counter or haemocytometer. Population doubling times were calculated using GraphPad Prism software (v2.0b) and are presented as mean ± s.d. for 3-5 independent experiments. (c, f) Soft agar experiments were completed as described in Figure 1 . Transformation data are presented as the relative number of colonies compared with cells expressing wild-type Myc, with mean ± s.d. for 3-6 independent experiments. *Po0.05, **Po0.01, ***Po0.001, paired t-test. (Figures 2c and f) . We observed a statistically significant 1.6-fold increase (Po0.05) in colony formation over wild-type Myc with the T58A point mutant in MCF10A cells (Figure 2c ). Although not statistically significant, the T58A point mutant showed a trend with 1.5-fold increased transformation in SH-EP cells and formed colonies that were qualitatively larger than wild-type (Figure 2f and data not shown) . In these two cell line models, transformation was dependent on MBII as both the DMBII and W135E mutants formed significantly fewer colonies (Figures 2c and f) . MycS also formed significantly fewer colonies compared with full-length Myc. As MycS is still not fully characterized, these two cell line models may provide useful tools to better understand its biology. Finally, L-Myc exhibited significantly reduced colony formation compared with Myc, and reinforced the outstanding question of what makes L-Myc distinct from the other two family members. We further evaluated the ability of N-Myc to promote transformation in MCF10A cells. Our results confirmed previous reports that N-Myc is functionally interchangeable with Myc (Landay et al., 2000; Malynn et al., 2000; Oster et al., 2003) , as colony formation was indistinguishable from wild-type Myc (data not shown).
Previous reports have shown that the T58A point mutant induces apoptosis to a lesser extent than wildtype Myc, and thereby provides a possible explanation for the increase in soft agar colony formation (Chang et al., 2000; Conzen et al., 2000; Hemann et al., 2005) . To evaluate Myc-dependent cell death, we generated MCF10A cells expressing 4-hydroxytamoxifen-inducible Myc and Myc mutants ( Supplementary Figure 3 ; Callus et al., 2008) . Cells were subjected to 24 h of serum and growth factor withdrawal and then subsequently treated with 100 nM 4-hydroxytamoxifen or ethanol control and 1 mg/ml tunicamycin for an additional 24 h. Cell cycle analysis was performed and the pre-G1 population was measured to quantify cell death. Myc significantly induced cell death compared with empty vector (Supplementary Figure 3B) , and this was shown to be dependent on MBII. Importantly, there was a modest, yet significant (Po0.05), decrease in cell death with the T58A point mutant, suggesting that the increase in transformation observed is, in part, a result of this mutant having a decreased ability to promote cell death. We also evaluated cell death in response to serum withdrawal in the SH-EP cells, and observed no remarkable differences between wild-type Myc and the T58A point mutant (data not shown). This observation helps explain why transformation by the T58A mutant was evident, but less robust in SH-EP cells compared with the MCF10A cells.
Combined, these data suggest that Myc-dependent transformation is similar in both MCF10A and SH-EP cells (Table 1 ). Both models demonstrate enhanced transformation in the presence of the T58A point mutation and significantly reduced colony formation by the DMBII and W135E mutants. These two systems, therefore, provide the field with human models that can complement and extend studies in both the classic rat fibroblast models and bone marrow transplantation models of Myc-dependent transformation.
Transformation in LF1/3T cells is MBII-independent
We next conducted a similar structure-function analysis in LF1/3T cells. We demonstrated similar protein expression of stable cell pools by immunoblotting (Figure 3a) . Additionally, there were no striking differences in proliferation between cells expressing the different Myc constructs (Figure 3b ). We further investigated the ability of the Myc panel to potentiate transformation (Figure 3c) . Surprisingly, the entire panel was able to promote anchorage-independent colony formation to a similar extent as wild-type Myc. Most notably, deletion of MBII and point mutation of W135E did not significantly impair Myc transformation of LF1/3T cells, in striking contrast to our MCF10A and SH-EP data.
To confirm this result, we rigorously tested for any potentially confounding effects. As an additional control, Rat-1A cells were simultaneously infected, selected, and analyzed for protein expression and transformation. Immunoblot analysis confirmed successful transduction and similar expression of the ectopic constructs (Figure 3d ). Confirming our initial observation, there were remarkable differences in transformation between the two cell lines with respect to the MBII deletion mutant (Figures 3e and f) . Specifically, in the Rat-1A cells the induction of colony formation was MBIIdependent, whereas transformation in the LF1/3T cells was MBII-independent.
Taken together, these data suggest that the mechanisms of Myc-dependent transformation may be context and/or cell-type dependent. More specifically, they suggest for the first time that there may be MBIIindependent mechanisms of transformation. One hypothesis is that MBII is essential for tumor initiation, but is dispensable for further tumor progression. This may have been previously missed because Myc's role in initiation has been the focus of the majority of previous work (Land et al., 1983; Stewart et al., 1984; Adams et al., 1985; Langdon et al., 1986; Hemann et al., 2005) . This hypothesis is further supported through the identification of MBII point mutations in Burkitt's lymphomas (Kuttler et al., 2001) . When introduced into Rat-1A cells, these MBII mutants were not able to 
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promote anchorage-independent growth to the same extent as wild-type Myc and their contributions to tumor progression are not yet fully appreciated. Importantly, our results and the presence of MBII mutations in Burkitt's lymphomas further support the model that there may be MBII-independent modes through which Myc promotes tumorigenesis. A comprehensive evaluation of the ability of ectopic Myc to enhance transformation throughout the spectrum of cancer initiation and progression has not been reported previously, and our work suggests that it will be instructive to characterize MBII dependence as a defining feature as these models are identified. The LF1/3T cells were incrementally transformed with TERT, LT and ST. We do not believe that MBII independence is mediated through the overexpression of TERT as HMECs immortalized with TERT have recently been shown to undergo transformation in an MBII-dependent manner (Cowling et al., 2007) . Overexpression of the viral proteins LT and ST was employed to inactivate the tumor suppressors p53, pRb and PP2A . Although these correspond to common mutations in human cancers, it is possible that expression of LT and ST confers MBII independence. This possibility has broader implications as these viral oncogenes are widely applied throughout the field of cancer biology. The future evaluation of MBII dependence in the different stages of transformation of LF1/3T and other cells, such as HMECs, and animal models of tumor progression will provide further insight into this novel observation.
In conclusion, we have characterized three new human models that clearly show that cellular context influences Myc-dependent transformation. In addition, we provide evidence of MBII-independent transformation, which challenges the current under- Figure 3 Transformation in LF1/3T cells is MBII-independent. The panel of Myc cDNAs was introduced by infection with ecotropic, replication-incompetent retrovirus into LF1/3T cells as described previously (Wu et al., 2004) . (a) Protein expression was confirmed by immunoblotting. * indicates non-specific bands. (b) Doubling times were determined as described in Figure 2 and are presented as mean±s.d. from three independent experiments. (c) Soft agar colony formation experiments were performed as described in Figure 1 . Transformation data are presented as the relative number of colonies compared with cells expressing wild-type Myc, with mean±s.d. for three independent experiments. **Po0.01, paired t-test. (d) Rat-1A cells were cultured in DMEM H21 with 10% fetal bovine serum. Control green fluorescent protein or Myc cDNAs were introduced by infection with ecotropic, replication-incompetent retrovirus. Protein expression was confirmed by immunoblotting. (e, f) Soft agar colony formation experiments were completed as described in Figure 1 with the following modifications: 250 Rat-1A cells were seeded per 35-mm petri dish in triplicate. Data represent the mean±s.d. for two independent experiments.
